propose that it should be the method of first choice when Evaluation of duplex ultrasound and captopril renography for screening for renal artery stenosis in a hypertensive population. detection of renovascular hypertension.
of curable secondary hypertension, constituting 1% or pertinent to identify patients with renal artery stenosis. The aim of the present study was to evaluate both duplex ultrasound less of patients presenting with hypertension [1] . Renoand captopril renography for detection of renal artery stenosis vascular disease that is not always accompanied with among hypertensive patients.
hypertension is associated with high cardiovascular mor-Methods. To avoid selection bias, all patients referred to tality [2, 3] . There is also emerging evidence to support our center for evaluation of renovascular hypertension were renovascular disease as being a common cause of endasked to participate in the study. Patients were examined by intra-renal duplex ultrasound (N ϭ 121), measuring pulsatility stage kidney disease [4] . Given that renal function and index and acceleration of the blood flow during early systole. hypertension may improve after renal angioplasty, it is In 98 patients, 99m Tc-DTPA captopril renography was perpertinent to identify the patients with renal artery stenoformed in conjunction with duplex ultrasound. Renal angiograsis [5, 6] . phy was performed in all patients regardless of the results of the noninvasive tests.
Renal angiography is necessary for a definite diagnosis
Results. The prevalence of renal artery stenosis was 19%. of a renal artery stenosis. However, the functional sig-In the 98 patients examined by both duplex ultrasound and nificance of the stenotic lesion cannot be assessed by captopril renography, sensitivity and positive predictive values angiography, and the examination is both invasive and for detection of a renal artery stenosis of 50% degree or more expensive. The noninvasive methods captopril renograwere 84 and 76%, respectively, for duplex ultrasound, whereas captopril renography was associated with a sensitivity and posiphy and Doppler ultrasound are also utilized for detective predictive value of 68% for both (P ϭ NS). Specificity tion of functional renal artery stenosis. There are, howand negative predictive values were 94 and 96%, respectively, ever, limitations to both of these latter methods, and at for duplex ultrasound, whereas the corresponding values for present, it is unclear whether captopril renography or captopril renography were 92% for both (P ϭ NS). Specificity duplex ultrasound should be used as the method of first and negative predictive values were 94 and 96%, respectively, for duplex ultrasound, whereas the corresponding values for choice when screening for renal artery stenosis in a popucaptopril renography were 92% for both (P ϭ NS). lation of patients with hypertension.
Conclusions. Both duplex ultrasound and captopril renogra-
The present study was undertaken to evaluate prophy are associated with high specificity and negative predictive spectively captopril renography and duplex ultrasound values for detection of renal artery stenosis. Sensitivity and examination of the intra-renal arterial circulation for positive predictive values are at least as good for duplex ultrasound compared with captopril renography. Given that duplex detection of renal artery stenosis. Scanning of the intraultrasound is easier to perform and more cost effective, we renal arterial circulation detects changes in the velocity profile of the blood flow downstream from the stenotic lesion [7, 8] . By using this method, the success rate is When evaluating diagnostic tests, it is crucial to select a study population relevant to the population of patients to whom the test should be applied in the clinical setting. mol/L) were excluded. Initially, the study involved an evaluation of duplex ultrasound compared with renal In addition, all study patients should undergo renal angiography, regardless of the results of the noninvasive angiography for detection of renal artery stenosis. After six months, there was a change in the clinical testing tests. If patients are selected for renal angiography on the basis of the results of the noninvasive testing, there procedure, and hence, Doppler ultrasound was performed in conjunction with captopril renography in 98 is an obvious risk of selection bias and an overestimation of test efficacy. Most previous studies evaluating capto-patients. pril renography and duplex ultrasound have been carried Clinical examination out in populations of hypertensives with a higher prevalence of renal artery stenosis compared with what pre-All patients who were accepted to participate in the study underwent a clinical examination by a specialist vails in clinical practice [8, 10] . Consequently, the study populations may not have been representative for hyper-in nephrology, including a comprehensive medical questionnaire and routine serum biochemistry prior to the tensives undergoing testing for renovascular hypertension in general. Furthermore, in several studies the inclu-other investigations. sion criteria were poorly defined, and some patients had Duplex ultrasound apparently been selected for renal angiography on the basis of the noninvasive test results [8, 10, 11] . There All patients were examined by duplex ultrasound prior to the captopril renography and the renal angiography are recent data suggesting that the efficacy of captopril renography in detection of renal artery stenosis is not using an Acuson 128 XP (Acuson Corp., Mountain View, CA, USA) equipment. Antihypertensive medication was as good as was initially believed when the test is applied in a large unselected material of hypertensives, referred continued, except for ACE inhibitors and angiotensin II receptor blockers, which were withheld five days prior for evaluation of renovascular hypertension [12] .
Hence, in order to avoid selection bias, the present to the investigation of both captopril renography and duplex ultrasound. Experienced technicians performed study encompassed all hypertensive patients referred to our clinic for evaluation of renovascular hypertension the investigation with the patient in the lateral decubitus position. After B-scanning for determination of the kid-who were willing to participate. Importantly, renal angiography was carried out in all patients regardless of the ney size, renal arterial blood flow velocities were localized within the interlobar renal artery using a 3.5 MHz results of the noninvasive tests.
sector probe and color Doppler ultrasound. The pulsed Doppler registered blood flow velocity spectra for at METHODS least four to eight seconds with the patient holding breath Subjects at the end of a normal expiration. During the examination, at least four measurements in different interlobar The local ethical committee and the radiation committee at Sahlgrenska University Hospital, Gö teborg, arteries, covering the upper pole, the midportion, and the lower pole of each kidney, were registered, and an Sweden, approved the study, and all subjects gave their consent to participate. The study material comprised average value was calculated. The pulsatility index (PI) was calculated according to the formula: patients with hypertension who were referred for investigation of renovascular hypertension. All patients who PI ϭ (peak systolic velocity Ϫ end diastolic were referred to the Department of Clinical Physiology, Sahlgrenska University Hospital (N ϭ 270), were asked velocity)/mean velocity during to participate in the study, and 121 (74 males and 47 a cardiac cycle females) accepted. Their mean age was 54 Ϯ 1 years. The referring physicians were specialists in family practice A side-to-side difference of Ͼ0.20 was used as a criterion for a renal artery stenosis (lower PI in the stenotic (N ϭ 30) and were hospital-based specialists (N ϭ 91), including specialists in cardiology, nephrology, and rheu-kidney). In addition, acceleration of the blood flow velocity during early systole [13] was measured, and an accel-matology. To mimic the clinical setting, the responsible physician decided whether testing was justified. In Swe-eration of the blood flow Ͻ2.3 m/sec 2 was used as a criterion for renal artery stenosis. When planning the den, the following criteria are most commonly used when selecting hypertensive patients for further testing regard-present study, we decided that the specificity for a clinically useful diagnostic test should be at least 90% for ing renovascular disease: severe hypertension with target organ damage, absence of family history for hyperten-detection of a renal artery stenosis Ն50% according to renal angiography. Given that this condition was ful-sion, symptoms of vascular disease elsewhere, or elevation of serum creatinine during treatment with angio-filled, the cut-off values were established retrospectively. Both the PI and the acceleration index were calculated tensin-converting enzyme (ACE) inhibitors. Patients with severe renal impairment (serum creatinine Ն200 using the software of the ultrasound equipment. 1 is showing a Doppler velocity spectra registered down-were created. Renograms were corrected for the extrarenal background after normalization for kidney area. stream from the stenotic lesion within the interlobar Relative function was estimated by means of the uptake renal artery in a stenotic and in the contralateral kidney index [15] . Cortical renograms were generated using pabefore and one day after percutaneous transluminal anrenchyma regions of interest that excluded activity in gioplasty (PTA).
the calyces and pelvis. The single kidney glomerular filtration rate was estimated by the uptake index method Renography [15] , and cortical mean transit times were calculated ac-Captopril renography was performed on the same occording to the matrix method [16] . Two independent casion as the duplex ultrasound examination prior to physicians, who were blinded with regard to the angiogrenal angiography in 98 patients. The procedure was raphy results, performed evaluation of the renograms. carried out in accordance with the guidelines given in
The renograms were classified according to the conthe consensus report on ACE inhibitor renography for sensus report on ACE inhibitor renography [14] in low, detection of renovascular hypertension [14] . We used a intermediate, or high probability for renovascular hypertwo-day protocol with renography one hour after 50 mg tension. Normal captopril renograms or renograms with of captopril given orally. Patients with normal findings slightly prolonged excretion (grade 1 that did not change on captopril renography were not examined further, after ACE inhibition) were considered to represent low whereas patients with abnormal captopril renograms probability for renovascular hypertension, provided that the relative uptake exceeded 30% for any kidney [14] . were re-examined one to two weeks later without admin-A renogram with relative function of one kidney Յ30% istration of an ACE inhibitor. Patients were hydrated or markedly prolonged excretion (Նgrade 2) that did not during the hour preceding the investigation by giving change after renography, a reduction in relative uptake 10 mL water per kg body weight by mouth. Antihyper-Ն5% or a change Ն1 renogram grades in cortical renotensive medication was continued, except for ACE inhibgrams (prolonged cortical transit-times) after ACE inhiitors and angiotensin II receptor blockers, which were bition renography compared with basal renography were withheld five days prior to the investigation. Renoclassified as intermediate/high probability. Intermediategraphic examinations were performed in the supine posior high-probability renograms were considered diagnostion with the back of the patient against a large field ␥ tic for significant renal artery stenosis and renovascular camera (APEX 415, Elscint, Israel) in order to visualize hypertension. the kidneys and the heart. Ninety-six frames (64 ϫ 64
Renal angiography pixels) of 10 seconds each were recorded after an intravenous bolus injection of 100 MBq 99 Tc m -DTPA. Time-
The radiological diagnosis of renal artery stenosis was established by digital renal subtraction angiography us-activity curves for the regions of interest over the kidneys Patients with renal artery stenosis who underwent renal angioplasty were followed up to one year after the intervention. The following criteria were used to define RESULTS a successful outcome one year after intervention based Renal artery stenosis Ն50% according to renal angiogon mean systolic and mean diastolic blood pressure raphy was found in 23 patients giving a prevalence of (DBP) measurements on separate days registered with 19% (16% among patients referred by specialists in inthe cuff method during hospital stay: (1) A patient was ternal medicine and 36% among patients referred by considered cured if renal angioplasty was followed by specialists in family practice, P ϭ NS). In 14 patients, normotension, defined as mean DBP Յ90 mm Hg withthe narrowing of the stenotic lesion was Ͼ70%. One out treatment.
(2) A patient was considered improved patient had a stenosis in a branch of the main renal if satisfactory blood pressure control (mean DBP Յ95 artery. Two patients had stenosis in accessory renal artermm Hg) was maintained with a 50% reduction in antihyies, and another two patients had bilateral renal artery pertensive treatment index according to Delin, Aurell, stenosis. Fibromuscular dysplasia was found in four paand Granerus [17] , or with a mean DBP reduction of Ն20 tients. One patient had a renal artery stenosis caused mm Hg with unchanged medication. (3) The remaining by an injury of the renal artery after lower abdominal patients were not successfully treated with renal angiosurgery, and 18 patients showed atherosclerotic vascular disease. The prevalence of overt coronary disease (previplasty.
ous myocardial infarction or treatment for angina pectoris) and intermittent claudication were higher in patients Statistical methods with renal artery stenosis compared with primary hyper-Results are expressed as means Ϯ SEM values. Stutensives (P Ͻ 0.05; Table 1) , whereas medical treatment, dent's t-tests for unpaired observations were used. Pablood pressure control, and renal function did not differ rameters not normally distributed were transformed log- (Table 1) . Renal angioplasty with a successful angioarithmically before the parametric test. If a non-normal graphic result was carried out in 19 of 23 patients with distribution was retained, the Mann-Whitney U-test for renal artery stenosis, and hypertension was cured or imunpaired comparisons was used. Comparisons of proporproved in 12 of these patients. tions were carried out using cross-tabulation and Fis-An adequate duplex ultrasound examination was cher's exact test. Sensitivity, specificity, and predictive achieved in all patients (N ϭ 121). The mean size of values were determined using the Four-Fold Table and stenotic kidneys (N ϭ 25) was lower compared with for comparison of paired proportions, the McNemar's nonstenotic kidneys (N ϭ 217, 10.1 Ϯ 0.2 vs. 11.4 Ϯ test was used. Statistical significance was defined as 0.1 cm in nonstenotic kidneys, P Ͻ 0.01). Both PI and acceleration of the blood flow were higher in nonstenotic P Ͻ 0.05.
Fig. 3. Receiver operating characteristic (ROC) curves (N ϭ 242 kidneys) showing sensitivity for detection of a renal artery stenosis Ն50% vs. 1-specificity for different acceleration (᭺) and PI (᭡) cut-off values.
The area under curve was somewhat larger for acceleration of the blood flow compared with the PI side difference criteria. with the PI side difference criteria (Fig. 3 ). PI and acceleration, respectively, P Ͻ 0.01 for both; Fig. In patients undergoing both duplex ultrasound and 2). Sensitivity for detection of renal artery stenosis Ն50% captopril renography, 19 had a renal artery stenosis of was somewhat higher for acceleration of the intra-renal Ն50% according to renal angiography, and 13 had a blood flow compared with PI, and acceleration correctly stenotic lesion Ͼ70%. All of these patients were examidentified 13 of 14 patients with renal artery stenosis ined after captopril administration, and in 31 patients, a Ն70% ( Table 2) . Combination of the two measurements basal examination without prior ACE inhibitor adminisslightly increased sensitivity (Table 2) , and 10 of 12 patration was performed one to two weeks after the captotients with renovascular hypertension, defined as cure pril renography. Stenotic kidneys showed reduced single or improvement of hypertension after renal angioplasty kidney glomerular filtration rate (22 Ϯ 4 vs. 37 Ϯ 1 mL/ were correctly identified. The area under the receiver min · 1.73 m 2 for nonstenotic kidneys, P Ͻ 0.01) and operating curve (ROC) showing sensitivity for detection of a renal artery stenosis Ն50% versus 1-specificity for prolonged cortical transit times (3.6 Ϯ 0.3 vs. 2.8 Ϯ 0.05 [14] and doppler criteria as defined in Table 2 (⌬PI Ͼ 0.20 and/or acceleration Ͻ2.3 m/s 2 ). Sensitivity, specificity, NPV. and PPV are calculated as percentages based on the number of stenoses Ն50% in 98 angiographically controlled subjects (19 with RAS ϭ 50%).
DISCUSSION
The prospective design and consequent use of renal angiography in all patients, regardless of the findings of the noninvasive tests, firmly establish high specificity and negative predictive values for both intra-renal duplex ultrasound and captopril renography in the detection of a renal artery stenosis. Moreover, both tests were applied to a study material consisting of all hypertensive patients referred to our center for evaluation of renovascular hypertension who were willing to participate. Thus, the study material was appropriate with regard to the population to which our findings will be referred. Although the sensitivity for detection of renal artery stenosis was somewhat higher for duplex ultrasound compared with captopril renography, there were some patients with re- renal artery stenosis used the technique of directly measuring the peak velocity within the main renal artery [9] . Although the initial results were impressive, this method was limited by technical failure in 10 to 20% of patients examined. We, as well as others, have used duplex ultramin for nonstenotic kidneys, P Ͻ 0.01; Fig. 4 ). Specificity sound examination of the intra-renal arteries for detecand negative predictive values were high for both duplex tion of renal artery stenosis [7, 18, 19] . This technique ultrasound and renography, whereas sensitivity and posiis less time consuming compared with direct scanning tive predictive values for detection of a renal artery steof the main renal arteries, and technical failures are nosis Ն50% were somewhat higher (P ϭ NS) for duplex uncommon [7, 8] . Recently, Riehl et al reported in 214 ultrasound compared with renography (Table 3) . Renoghypertensives (53 with renal artery stenosis) a sensitivity raphy criteria were positive in five of nine patients with of 92% and specificity of 96% for detection of renal proven renovascular hypertension, whereas Doppler ulartery stenosis Ͼ70%, using a reduction in resistive index trasound correctly identified eight of these patients (P ϭ within the interlobar arteries of stenotic kidneys [20] . NS). Sensitivity for detection of renal artery stenosis Furthermore, Krumme et al reported the results of a Ն70% was 85% for renography compared with 92% prospective study of 135 hypertensives using a combinafor ultrasound (P ϭ NS). Combination of the duplex tion of intra-renal and extra-renal scanning, and found ultrasound and renography methods increased sensitivity a sensitivity of 89% and specificity of 92% for detection for detection of a renal artery stenosis Ն50% from 84 to of a renal artery stenosis Ն50% according to angiogra-89%, whereas 11 of 12 patients with proven renovascular phy [8] . The authors emphasized the importance of scanhypertension were correctly identified without changing ning the main renal artery. However, they used only a side-to-side difference in a resistive index, in contrast to specificity.
both PI and acceleration of the early systolic velocity largest studies that have evaluated captopril renography for the detection of renal artery stenosis [11, 12] . used in the present study. Moreover, in their study, some
There are few studies that have directly compared patients were selected on the basis of the Doppler findduplex ultrasound and captopril renography. By direct ings, and a high prevalence of renal artery stenosis (65%) scanning of the main renal artery, Miralles et al found was reported, suggesting the possibility of selection bias a sensitivity of 87% for duplex ultrasound compared [8] . Our data suggest that the results of extra-renal duwith 45% for captopril renography in the detection of a plex scanning could be improved by examination of renal artery stenosis Ն50% among hypertensive patients blood flow velocities within the interlobar renal arteries having concomitant aortoiliac disease [24] . Only 16 paby means of measuring the PI and acceleration of the tients in that study were examined because of clinical blood flow velocity during early systole. Acceleration of suspicion of renovascular hypertension, and the prevathe blood flow during early systole was the most valuable lence of renal artery stenosis was high (58%). Pedersen et measurement for detection of renal artery stenosis in al reported 75% sensitivity for both intra-renal Doppler the current study. This observation corroborates with ultrasound and captopril renography in the detection the findings of Burdick et al [21] and Malatino et al [22] , of renal artery stenosis Ն50% [25] . In their study, the who both reported superiority of acceleration over PI ultrasound examination was not optimized since the exas a screening test for renal artery stenosis. The cut-off aminations were performed by all doctors at the departvalues for diagnosis of renal artery stenosis by accelerament, including doctors in training, and only a side-totion reported in those studies were higher compared with side difference in resistive index and kidney size were the present study. We registered velocity spectra within measured. The study is of importance, however, since the interlobar renal arteries, whereas Burdick et al and selection criteria were appropriate, implying that all pa-Malatino et al measured acceleration within the distal tients referred were eligible for inclusion. Hence, renal portion of the main renal artery or within the segmental artery stenosis was found in 28 of 131 hypertensives vessels [21, 22] . In a pilot study (unpublished), we regisexamined giving a prevalence of 21%, which is comparatered velocity spectra both within the segmental and the ble to the 19% prevalence found in the present study. interlobar renal arteries. The early systolic acceleration
In the patient population examined by both duplex within the segmental arteries was somewhat higher comultrasound and captopril renography (N ϭ 98), duplex pared with acceleration measured within the interlobar ultrasound correctly identified 16 of 19 patients with renal arteries, whereas PI values did not differ. Thus, renal artery stenosis. The cost for a duplex ultrasound differences regarding the cut-off values between the investigation at our laboratory is $134. Thus, the cost studies mentioned previously in this article and the presfor correctly identifying one patient with renal artery ent could be explained by measuring acceleration within stenosis by duplex ultrasound in the present population a more distal site of the renal arterial tree in the present of hypertensives was $821. The cost for ␥ camera renogstudy. raphy using 99m Tc-DTPA at our laboratory is $267. In 31 For captopril renography, sensitivity was only 68% patients, a basal examination without prior ACE inhibifor detection of a renal artery stenosis Ն50%, whereas tor administration was performed one to two weeks after specificity and negative predictive values were high. Most the captopril renography. Overall, 129 renography examstudies evaluating captopril renography for detection of inations were performed to correctly identify 13 of 19 renal artery stenosis have reported higher sensitivity valpatients with renal artery stenosis, and hence, the cost ues compared to the present study [10, 14, 23] . Considerfor identifying one patient with renal artery stenosis by ing the high prevalence of renal artery stenosis in most captopril renography was $2649. Since the number of previous studies of captopril renography, one may quesfalse positives was similar for duplex ultrasound and tion whether the study populations were representative captopril renography, duplex ultrasound was more costfor hypertensive patients referred for evaluation of renoeffective in identifying patients with renal artery stenosis vascular hypertension in general [10, 14, 23] negative predictive values for detection of renal artery stenosis, whereas sensitivity appears higher for duplex ever, important to point out that duplex ultrasound correctly identified 10 of 12 patients with proven renovascu-ultrasound. Although it is operator dependent, duplex ultrasound is at least as accurate as captopril renography, lar hypertension, whereas captopril renography only identified 5 of 9 patients. Hence, both methods failed to more cost-effective, and easier to perform since antihypertensive medication could be continued during the detect all individuals who improved after renal angioplasty. Consequently, renovascular hypertension may examination. Thus, we consider duplex ultrasound the first choice method when screening for renovascular hy-prevail in spite of negative noninvasive test results, and renal angiography should be considered if there is a pertension. Captopril renography is valuable for estimation of split renal function when deciding whether renal strong clinical suspicion of secondary hypertension.
angioplasty should be performed.
Study limitations
Patients with markedly reduced renal function were ACKNOWLEDGMENTS not included in the present study. This is an important 
